An ultrasensitive DNA biosensor has been developed through in-situ labeling of electroactive melamine-Cu 2+ complex (Mel-Cu 2+ ) on the end of hairpin-like probe using gold nanoparticles (AuNPs) as the signal amplification platform. The 3′-thiolated hairpin-like probe was first immobilized to the gold electrode surface by the Au-S bond. The AuNPs were then tethered on the free 5′-end of the immobilized probe via the special affinity between Au and the modified -NH 2 . Followed by, the Mel and Cu 2+ were assembled on the AuNPs surface through Au-N bond and Cu 2+ -N bond, respectively. Due to the surface area and electrocatalytic effects of the AuNPs, the loading amount and electron transfer kinetic of the Mel-Cu 2+ were enhanced greatly, resulting in significantly enhanced electrochemical response of the developed biosensor. Compared with the synthesis process of conventional electroactive probe DNA accomplished by homogeneous method, the method presented in this work is more reagent-and time-saving. The proposed biosensor showed high selectivity, wide linear range and low detection limit. This novel strategy could also be extended to the other bioanalysis platforms such as immunosensors and aptasensors.
During the past decades, lots of effort has been made to exploit DNA detection technologies due to their widespread application in the fields of clinical diagnosis, environmental control, food safety and forensic analysis [1] [2] [3] [4] [5] . As an alternative to the traditional methods such as fluorescence in-situ hybridization 6 , flow cytometry 7 and real-time quantitative reverse transcription PCR 8 , the electrochemical approach receives increasing attention since it has predominant advantages of low cost, easy operation, excellent compatibility with micro-fabrication 9, 10 . Most of the developed DNA electrochemical biosensors were fabricated based on the linear DNA probes and the external hybridization indicators [11] [12] [13] . Notwithstanding, these biosensors have high sensitivity to target DNA, the low selectivity, large background response from the non-specifically bound indicators, and complicated indicators binding/rinsing process upon each hybridization step limit their practical application.
In order to overcome these disadvantages, novel sensing strategies relying on hairpin-structured DNA probe have been developed [14] [15] [16] [17] [18] [19] . A typical hairpin-structured DNA probe in electrochemical biosensor is a single-stranded oligonucleotide consisted of two short complementary sequences at two ends (stem part) and a free sequence complementary to the target in the middle (loop part), which shows a typical hairpin-like stem-loop structure at its natural state. When the DNA probe is immobilized at an electrode surface and hybridized with the target DNA through the loop part, the stem-loop structure will be opened and transferred to rigid DNA duplex, through which the electroactive tags such as ferrocene (Fc) [14] [15] [16] and methylene blue (MTB) [17] [18] [19] that pre-modified at the other terminal of hairpin-structured DNA will be driven away from the electrode surface. As a consequence, the signal will be attenuated. Because the signal variation in these MB-based biosensors was strictly executed by the thermodynamically driven conformation change upon hybridization of loop part sequence with the complementary strand, outstanding hybridization selectivity, even distinguishing to single nucleotide polymorphism could be achieved.
However, most of the reported hairpin DNA-based biosensors have the following crucial defects. First, almost all the reported electroactive hairpin DNA strands are achieved through a single-point coupling reaction, i.e., one hairpin DNA strand is only modified with one electroactive tag (MTB or Fc) at the probe end [14] [15] [16] [17] [18] [19] . As a result, the signal yield as well as analysis sensitivity of these biosensors is limited, which can not satisfied the practical requirement in bioanalysis because the DNA levels in physiological samples are often very low. Secondly, the applied signal molecules, to the best of our knowledge, are only confined to Fc [14] [15] [16] and MTB [17] [18] [19] . Although, both of them have excellent electrochemical response and are widely used as probes in electrochemical analysis, the relative insufficiency in types of electrochemical tags hampers the development of the versatile chips for high-throughput detection of multiple analytes. Thirdly, the synthesis of the redox-acive hairpin DNA strands are usually involved complicated procedures including the succinimide ester-based reaction between electroactive labels and the end-modified amino group at the probe, and the high-performance liquid chromatography (HPLC)-based separation process, which is not only time-consuming, but also labor-intensive and reagent-cost. Although the common electrochemical probes are now commercially available, the price of these probes is still relatively high in comparison with the bare DNA probes. Therefore it is still a great challenge to design and explore novel hairpin DNA-based biosensors with low cost, easy preparation process and high sensitivity.
Against this background, we reported here a novel hairpin DNA-based DNA biosensor based on in-situ assembly of signal amplification platform (gold nanoparticle, AuNPs) and new electroactive tags (melamine-copper ion complex, Mel-Cu 2+ ) on the surface-confined hairpin structured DNA (Fig. 1 ). Mel is a cheap and highly stable six-member ring organic compound. As a trimer of cyanamide with a 1,3,5-triazine skeleton, Mel exhibits great chelating ability to many transition metal ions [20] [21] [22] . Recently, Zhu et al. 22 reported that Mel could form stable compound with Cu 2+ through coordination with the nitrogen atom on triazine ring, and meanwhile excellent electrochemical response from the redox of Cu 2+ /Cu + couple was obtained. In addition, Mel has three free amino groups, which is favorable for its derivation with other functional groups [23] [24] [25] . Therefore the Mel-Cu 2+ was chosen as an electroactive tag to graft with the probe DNA. Moreover, as an alternative to the traditional homogeneous solution-based synthesis approach, the step-by-step in-situ assembly of signal tags on the pre-immobilized hairpin DNA probe was applied for the fabrication of the electrochemical sensing interface, which greatly simplified the synthesis and purification process of the electroactive DNA probe. On the other hand, in order to increase the loading amount and electron transfer kinetic of the electroactive tags (Mel-Cu 2+ ) on sensing interface, the highly conductive AuNPs were applied as the loading platform of the Mel-Cu 2+ tags. The analytical assays show that the newly developed biosensor not only remains the inherent high selectivity of MB probe, but also substantially lowers the detection limit. Such a strategy is also promising to be extended to the versatile, robust aptasensors and high-throughput biochips.
Results and Discussion
ATR-IR and electrochemical characterization of Mel-AuNPs/apDNA/MCH/AuE. ATR-FTIR is a convenient non-destructive technology to probe the adsorption of biological or organic molecules on a solid surface 26, 27 . Therefore, the fabrication process was first characterized by the ATR-FTIR, and the results are displayed in Fig. 2 . It was observed that the bare gold disk electrode (AuE) did not produce any significant features in the spectra ( Fig. 2A ). In the case of apDNA/AuE ( Fig. 2A) , some bands corresponding to the characteristic peaks of DNA were recorded 28, 29 . The broad characteristic band in the range of 3650 ~ 3000 cm −1 could be assigned to N-H stretching vibrations arising from − NH 2 in apDNA structure, and the bands at around 2988 and 2905 cm −1 could be assigned to the asymmetric and symmetric vibrations of C-H, respectively, arising from the − CH 2 -groups in sugar-phosphate backbone. The band at 1639 cm −1 was ascribed to the vibration of exocyclic -NH 2 . The bands localized at 1411 and 1316 cm −1 were to the base-sugar entities. The 1066 and 977 cm −1 bands are to the P-O stretching vibration of P-O-C groups. When apDNA/AuE was further immobilized with MCH (Fig. 2B) , it is found that all the bands did not displayed significant changes. This was because all the absorption peaks corresponding to the characteristic groups of MCH masked by the absorption of DNA since these groups were also present in DNA. After the electrode was further grafted with AuNPs (Fig. 2C) , it was found that the obvious and broad peak around 3358 cm −1 was absolutely disappeared. This could be explained by the interaction of the -NH 2 modified on the 5′-end of apDNA with AuNPs, which limited the vibration of N-H bond. The assembly process of AuNPs on the electrode surface was also investigated by the three-dimensional atomic force microscopy ( Fig. 3) , which has been used extensively to probe the nanoscopic structure of the modified surface due to its high resolution 30 . As seen, some wavelike peaks were observed on apDNA/MCH/AuE (Fig. 3A) , which could be ascribed to the immobilized DNA on the electrode surface. However after assembly with AuNPs, the three-dimensional changed greatly and some discrete hills were clearly observed (Fig. 3A) . This confirmed that the AuNPs had been successfully grafted on the electrode surface.
In addition, when Mel was assembled ( Fig. 2D ), two new peaks at 3467 cm −1 , 3324 cm −1 corresponding to absorption of N-H bond of Mel were observed in ATR-FTIR. From the figure, one can also observe that two new peaks appeared at 1433 cm −1 and 810 cm −1 , which can be assigned to the C-N vibration and the triazine ring vibration, respectively. This also indicated that Mel molecules had been attached on the electrode surface. The fabrication process of the biosensor was further characterized by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) using 1.0 mM [Fe(CN) 6 ] 3−/4− with 0.1 M KCl as the electro-active probe, which also suggested that the biosensor has been successfully fabricated. The results and the detailed discussion were showed in Supporting Information (Fig. S2 ).
Coordination assembly of Cu
2+ on Mel/AuNPs/apDNA/MCH/AuE and its electrochemical behaviors. Figure 4A redox peaks was appeared at + 0.26 V and + 0.13 V, respectively, which was in good accordance with the electron transfer process of the Cu 2+ /Cu + couple as reported in literature 23 . This suggested that the electro-active Cu 2+ had been successfully adsorbed on the electrode surface. Figure 4B shows the CVs of Cu
2+
-Mel-AuNPs/apDNA/ MCH/AuE at various scan rates. It was found that both the oxidation peak currents (I pa ) and reduction peak currents (I pc ) for Cu + /Cu 2+ couple presented good linear relationships with the scan rates (v) in the range from 10 to 400 mV s −1 (inset of Fig. 4B ): I pa (μA) = − 0.336 − 0.0129 v (mV s −1 ), and I pc (μA) = 0.210 + 0.0065 v (mV s −1 ), with the correlation coefficients (r) of 0.997 and 0.998, respectively. This demonstrated that the oxidation and reduction processes of the copper ions were controlled by an adsorption process 31 , which also confirmed that the Cu 2+ had been loaded on the electrode surface. In addition, in order to prove the signal-amplification effect of AuNPs, a control biosensor based on assembly of Mel and Cu 2+ on a 5′-COOH grafted DNA (cpDNA) modified AuE without using AuNPs as the loading platform was fabricated. The detailed preparation procedure was presented in Supporting Information. The electrochemical response of Cu 2+ -Mel/cpDNA/MCH/AuE was displayed as curve c in Fig. 4A . Clearly, in the absence of AuNPs, only a pair of weak redox peaks was observed on this electrode. Furthermore, the peak-to-peak separation (ΔE p ) of Cu 2+ -Mel/cpDNA/MCH/AuE (curve c) was measured to be about 0.18 V, which was dramatically larger than that of Cu 2+ -Mel-AuNPs/apDNA/MCH/AuE (curve b). In order to investigate the signal-amplification mechanism by AuNPs, the surface density (Г) and electron transfer rate constant (k s ) of Cu 2+ -Mel tags on these two electrodes were calculated and compared. Primarily, from the CV curves of Mel-AuNPs/apDNA/MCH/AuE (curve b) and Cu MCH/AuE were determined to be 1.84 μC and 0.46 μC. Then the surface densities (Г) of Cu 2+ was calculated according to the following law 32 :
where Furthermore, according to the scan rate variation experiment, the electron-transfer rate constants (k s ) of Cu 2+ on these two electrodes were determined. For Cu 2+ -Mel-AuNPs/apDNA/MCH/AuE, the redox peak potentials changed slightly and all the ΔE p values were smaller than 200/n mV on the tested scan rate range, so the value of k s was obtained by the following Equation (2) 31,33
where n is the electron transfer number for Cu 2+ /Cu + , R the universal gas constant , T Kelvin temperature, v the scan rate. The value m could be obtained by adjustment of the curve ΔE p = f(m −1 ) for the electron transfer coefficient (α = 0.5) 31, 33 . Thus the value of k s was determined to be 1.36 s −1 based on Equation (2). However for Cu 2+ -Mel/cpDNA/MCH/AuE, it was found that the redox peak potentials shifted obviously with the increase of scan rate, and at the higher scan rate, the ΔE p values exceeded 200/n mV ( Fig. S3 -A in Supporting Information), so the following Equations (3)- (5) were applied for the calculation of k s value 31 :
where E pa is the anodic peak potentials, E 0′ is the formal potential, n, R, T, and F have the same meanings in Equation (2) . From the relationships of E pa and E pc versus ln v as displayed in Fig. S3 -B in Supporting Information, the value of k s was determined to be 0.19 s −1 . Obviously, the k s value of Cu 2+ -Mel-AuNPs/apDNA/MCH/AuE was extremely larger than that at Cu 2+ -Mel/cpDNA/MCH/AuE, confirming that assembled AuNPs accelerated the electron transfer kinetic of the electro-active tag. Therefore the intense electrochemical response of Cu 2+ -Mel-AuNPs/apDNA/MCH/AuE could be ascribed to the synergic effect of large loading amount of Cu 2+ -Mel and enhanced electron-transfer kinetic induced by AuNPs.
Optimization of the experimental conditions. To achieve the optimal analytical performance of the biosensor, several experimental conditions had been optimized. The assembly time of AuNPs was first optimized through EIS test. As displayed in Fig. 5A , the values of R et gradually decreased with the increase of the accumulation time (t a1 ) of AuNPs on apDNA/MCH/AuE, and then hardly changed after 24 h due to the adsorption saturation. Therefore, we chose 24 h as the optimal accumulation time for AuNPs in the experiments. Figure 5B displays that the values of R et increased with the increase of the assembly time (t a2 ) of Mel on AuNPs/apDNA/ MCH/AuE over the range from 0 to 24 h and then leveled off, which indicated that the ideal assembly time for loading the Mel was also 24 h. The effect of coordination time of Mel-AuNPs/apDNA/MCH/AuE with Cu 2+ on the electrochemical signal of the biosensor was investigated. Figure 5C depicts the relationship of oxidation peak currents (I pa ) versus the accumulation time (t a3 ) of Cu 2+ on Mel-AuNPs/apDNA/MCH/AuE. It was observed that the peak current value corresponding to the Cu 2+ /Cu + couple enhanced with the increase of t a3 , and then become constant after 30 min, indicating that the binding of Cu 2+ to the electrode surface reached equilibrium at 30 min. In addition, in order to preclude the non-specific absorption of Cu 2+ on the electrode surface, the mixture of 25.0 mM NaCl and 10.0 mM PBS (pH 7.0) was applied as the eluting solution to remove the un-coordinated Cu 2+ . Figure 5D shows the relationship of oxidation peak currents (I pa ) versus the elution time (t e ), from which it could be found that the I pa values gradually attenuated with the prolonging of t e . When the time was upon 80 min, the response signal did not decreased anymore, suggesting that the loosely absorbed Cu 2+ had been removed from the biosensor surface. Therefore, 80 min was chosen as the optimal elution time.
Analytical performances of the biosensor. Under the optimum conditions, the analytical performance of the developed biosensor was evaluated by hybridization selectivity and sensitivity experiments. The sensitivity and dynamic range of the developed DNA biosensor was investigated by hybridizing the biosensor (Cu 2+ -Mel-AuNPs/apDNA/MCH/AuE) with increasing concentrations of the complementary target sequence. The DPV results were showed in Fig. 6A . From the figure, it was observed that the biosensor presented a well-defined and large oxidation peak with peak current of 2.43 μA, which was found to be one to two orders Scientific RepoRts | 6:22441 | DOI: 10.1038/srep22441 larger than those on the conventional hairpin DNA-based biosensors using single Fc [14] [15] [16] or MTB [17] [18] [19] molecule as the signal tag, further suggesting the signal-amplification effect of the proposed biosensor. In addition, it was evidenced that the oxidation peaks of biosensor decreased accordingly as the target DNA concentration increased. This could be ascribed to the change of the hairpin probes from the loop-stem structure to the rigid linear configuration that induced by the hybridization reaction; and then the in-situ labeled electroactive tags of Mel-Cu 2+ were driven away from the electrode surface. Based on the variation of the oxidation peak, it was obtained that the peak currents (I pa ) of Cu 2+ /Cu + couple logarithmically related to the target concentration across the range from 1.0 × 10 −18 M to 1.0 × 10 −12 M (Fig. 6B) , with a regression equation of I pa (μA) = 0.127 + 0.123 lg (C S2 /M), Table S1 , it could be clearly seen that our biosensor had the wider linear range and the lower detection limit than the others. It could be assigned to the intense electrochemical response resulting from the highly conductive platform of AuNPs and the high loading density of the electroactive tag (Cu 2+ -Mel). The selectivity of the electrochemical DNA biosensor was investigated through hybridization with complementary DNA (cDNA), single-base mismatched DNA (sDNA), three-base mismatched DNA (tDNA) and noncomplementary DNA (nDNA). The detailed data were displayed in Fig. 7 . It was found that after hybridization with nDNA, the signal variation was negligible in comparison with the probe electrode, suggesting the hybridization reaction did not happened for the non-complementary sequences. But, upon hybridization with tDNA and sDNA, the signal decreased by about 28% and 38%, respectively. However, when the cDNA was hybridized, a substantial attenuation of 45% of the signal was produced. These results suggested that this novel DNA biosensor could be used to distinguish the cDNA from nDNA, tDNA and sDNA. We presumed that the high selectivity of the biosensor was derived from the specific stem-loop structure of the hairpin probe DNA used in this work .
Reproductivity, regeneration and stability of the biosensor. The reproducibility and regeneration capacities play extremely important roles in practical applications for biosensors. In this work, five parallel-made DNA biosensors were used to detect 1.0 × 10 −12 M target DNA and a relative standard deviation of 5.4% (n = 5) was estimated, demonstrating that the proposed biosensor had high reproducibility. The regeneration ability of this DNA biosensor was also evaluated, which was carried out by dipping the hybridized electrode in 50.0 mM NaCl at 80 °C for 20 min, followed by a rapid cooling in an ice bath for 20 min and subsequently rinsed with double-distilled water. The results showed that the developed biosensor could be repeatedly used for hybridization-denaturation-hybridization circles for 5 times, and only a decrease of 6.7% signal attenuation in DPV response was obtained. Storage of Cu 2+ -Mel-AuNPs/apDNA/MCH/AuE at 4 °C for 4 weeks resulted in a change of 2.7% in the initial DPV response, suggesting a good stability of the biosensor.
Application in Biological Samples. To evaluate the general applicability of our proposed sensor in real sample analysis, recovery experiments were carried out by adding 1.0 pM target DNA solution into 10% (V/V) diluted healthy human serum (from Zhangzhou Affiliated Hospital of Fujian Medical University). The results showed that the recoveries were in the range of 98.5-102.7%. For each serum sample, the relative standard deviations were 6.8-8.5% with five parallel tests. These results indicated that the developed biosensor is feasible for the test of target DNA in complex samples.
Conclusions
The conventional hairpin DNA-based biosensors have the advantages of high selectivity due to the unique stem-loop structure of the probe DNA, but the complicated preparation process and the low electrochemical signal intensity hampered the practical application of this type of biosensor. In this work, a novel and facile approach for the fabrication of the electroactive E-DNA biosensor was exploited, based on stepwise in-situ labeling of AuNPs, Mel, and Cu 2+ on the free terminal of the hairpin probe DNA. The AuNPs were acted as a highly conductive and large surface area loading platform for the electroactive tag of Mel-Cu 2+ . With the above signal amplification strategies, the experimental results showed that the biosensor has good stability, reproductivity, regeneration and specificity, suggesting that this approach should have the potential of clinical application for detection the target DNA in biological assays. This strategy also shows great promising for the construction of versatile and robust aptasensors and high-throughput biochips. Ethylenediaminetetraacetic acid (EDTA) and sodium citrate were purchased from Xilong Chemical Co., Ltd (China). 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), N-Hydroxysulfosuccinimide sodium salt (sulfo-NHS), melamine (Mel), Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) and 6-Hydroxy-1-hexanethiol (MCH) were purchased from Sigma-Aldrich (China). Tris (hydroxymethyl) aminomethane (Tris) and copper nitrate (Cu(NO 3 ) 2 ) were provided by Shanghai Jingchun Reagent Co., Ltd. (China). Phosphate-buffered saline (PBS, 0.1 M, pH 7.0) solution was prepared by mixing the stock solutions of 0.1 M NaH 2 PO 4 and 0.1 M Na 2 HPO 4 . The gold nanoparticles (AuNPs) were synthesized according to literature 34 , and the detailed procedure was given in Supporting Information (SI). The average size of the synthesized AuNPs was estimated to be 2.1 nm by transmission electronic microscopy (TEM) as displayed in Fig. S1 . All the chemicals were of analytical reagent grade and used without further purification. Double-distilled water was used throughout this experiment.
All the oligonucleotides were synthesized by Shanghai Sangon Biotechnology (China), and their sequences were listed as follows:
(1) 3′-thiolated hairpin-like probe sequence with 5′-amino group (apDNA): 5′-NH 2 -(CH 2 ) 6 -gcgagTCTTTGGG ACCACTGTCGctcgc-(CH 2 ) 6 -SH-3′; (2) 3′-thiolated hairpin-like control probe sequence with 5′-carboxyl group (cpDNA): 5′-COOH-(CH 2 ) 6 Electrochemical experiments including cyclic voltammetry (CV), electrochemical impendence spectra (EIS), and differential pulse voltammetry (DPV) were measured on a CHI 650D electrochemical analyzer (China). A conventional three-electrode system, consisting of a bare or modified gold disk as working electrode, a platinum wire as auxiliary electrode and an Ag/AgCl (3.0 M KCl) as reference electrode, was used for electrochemical measurements. The geometric area of the working electrode is 3.1 × 10 −2 cm 2 as determined from the diameter of 2.0 mm. Attenuated total reflection infrared spectra (ATR-IR) were recorded on a NICOLET iS 10 spectrometer (USA). Atomic force microscopy (AFM) measurements were carried out on CSPM5500 (China).
Immobilization of probe DNA on gold electrode surface. Prior to the immobilization of probe DNA, the gold disk electrode (AuE) was carefully cleaned through physical polishing, ultrasonic cleaning, electrochemical polishing as described in literature 35 . Then, the cleaned AuE was immersed into IB containing 0.1 μM probe DNA (apDNA)) for 24 h to achieve probe DNA modified electrode (apDNA/AuE) through Au-S assembly chemistry. After rinsing with IB buffer and double-distilled water for several times, the modified electrode was further incubated in 1.0 mM MCH solution for 2 h to block the remaining bare regions on the electrode surface. The passivated electrode (apDNA/MCH/AuE) was then washed with IB twice. The control probes modified electrodes of cpDNA/MCH/AuE and wpDNA/MCH/AuE were prepared through the same way only replacing the apDNA with cpDNA or wpDNA.
Step-by-step assembly of AuNPs and Mel on the free terminal of apDNA. The modified electrod was then immersed into AuNPs solution for 24 h at 4 °C. Thus the AuNPs was assembled on the terminal of hairpin-like apDNA via the affinity with the modified amine groups on 5′-end. Then the electrode was rinsed with double-distilled water for three times to remove the nonspecifically absorbed AuNPs. The obtained electrode was denoted as AuNPs/apDNA/MCH/AuE. After blow-drying the electrode surface with N 2 , the Mel was further assembled on the grafted AuNPs through immersing AuNPs/apDNA/MCH/AuE into 1.0 mM Mel aqueous solution for 24 h with gentle shaking. Then the electrode with the confined Mel molecules (Mel-AuNPs/apDNA/ MCH/AuE) was achieved after extensively rinsing with double-distilled water to remove the physically absorbed Mel.
Coordination assembly of copper ions on the sensing interface. The electroactive Cu targets for 40 min at 37 °C. After rinsed with TE to remove the non-specifically bound DNA, the hybridized electrode was obtained. 
